Background: Polycomb proteins control transcription by regulating chromatin structure and dynamics. Results: By developing and applying a novel Sm-ChIPi technique, we identified that one PRC1 binds multiple nucleosomes within cells, although two PRC2s can bind a single nucleosome. Conclusion: PRC1 and PRC2 complexes employ distinct mechanisms to assemble on chromatin. Significance: The cellular assembly stoichiometry provides insight into repressive polycomb chromatin structure.
Epigenetic complexes play an essential role in regulating chromatin structure, but information about their assembly stoichiometry on chromatin within cells is poorly understood. The cellular assembly stoichiometry is critical for appreciating the initiation, propagation, and maintenance of epigenetic inheritance during normal development and in cancer. By combining genetic engineering, chromatin biochemistry, and single-molecule fluorescence imaging, we developed a novel and sensitive approach termed single-molecule chromatin immunoprecipitation imaging (Sm-ChIPi) to enable investigation of the cellular assembly stoichiometry of epigenetic complexes on chromatin. Sm-ChIPi was validated by using chromatin complexes with known stoichiometry. The stoichiometry of subunits within a polycomb complex and the assembly stoichiometry of polycomb complexes on chromatin have been extensively studied but reached divergent views. Moreover, the cellular assembly stoichiometry of polycomb complexes on chromatin remains unexplored. Using Sm-ChIPi, we demonstrated that within mouse embryonic stem cells, one polycomb repressive complex (PRC) 1 associates with multiple nucleosomes, whereas two PRC2s can bind to a single nucleosome. Furthermore, we obtained direct physical evidence that the nucleoplasmic PRC1 is monomeric, whereas PRC2 can dimerize in the nucleoplasm. We showed that ES cell differentiation induces selective alteration of the assembly stoichiometry of Cbx2 on chromatin but not other PRC1 components. We additionally showed that the PRC2-mediated trimethylation of H3K27 is not required for the assembly stoichiometry of PRC1 on chromatin. Thus, these findings uncover that PRC1 and PRC2 employ distinct mechanisms to assemble on chromatin, and the novel Sm-ChIPi technique could provide single-molecule insight into other epigenetic complexes.
In the nucleus, genome organization is shaped by the nucleosome, the basic building unit of chromatin (1) . The nucleosome is formed by wrapping ϳ147 bp of DNA around a histone octamer consisting of two copies of H2A, H2B, H3, and H4 (2) . The highly conserved basic N termini and, to a lesser extent, the globular domains of histones are extensively post-translationally modified by epigenetic regulatory complexes (3) (4) (5) . Genomic compartments and chromatin-related activities are tightly correlated with histone modifications (1, 4, 6) . These modifications either directly organize chromatin structure or recruit effectors that impact genome organization (1, 4, 6, 7) . However, cellular molecular details about how epigenetic complexes assemble on and spread along chromatin are incompletely understood.
Polycomb group (PcG) 2 proteins are a long-standing paradigm of studying the epigenetic inheritance of transcriptional states and are essential for the establishment and maintenance of transcriptional profiles during normal development and in cancer (8, 9) . Two major PcG complexes, PRC1 and PRC2, exhibit distinct enzymatic activities (8) . PRC2 is a methyltransferase that catalyzes di-and trimethylation of lysine 27 on H3 (H3K27me2/3) (8) . The mammalian core PRC2 is composed of Ezh2, Suz12, Eed, and RbAp48. Ezh2 is the catalytic subunit (8) , and Eed is involved in recognition of the H3K27me3 mark (10) . PRC1 is a ubiquitin ligase that catalyzes ubiquitylation of lysine 119 on H2A (H2AK119Ub) (11) . In mammals, six forms of PRC1 have been identified, each comprising one of six Pcgf subunits and the E3 ligase Ring1a/b (12) . Further classification of PRC1 is determined by the mutually exclusive association of either Rybp or Yaf2 (variant PRC1s) or one of the Cbx proteins (canonical PRC1s) (12) . Several mechanisms for the PcG-mediated gene silencing such as histone H3K27 trimethylation (13) , histone H2A monoubiquitination (11) , chromatin compaction (14) , and organization of higher order chromatin structure have been proposed (15) ; however, it is not yet clear how PcG complexes assemble on chromatin within cells.
Although much is known about the interaction domains and the protein identities within PRC1 complexes, far less is known about their molecular architecture on chromatin within cells. Several studies have shown that the PRC1 subunits and their isolated domains self-associate in vitro (16 -20) . Clearly, these in vitro observations need to be verified within cells. In contrast with the individual PRC1 subunits, the reconstituted Drosophila PRC1 is a monomer having one copy of each subunit (14) . Studies of the assembly stoichiometry of PRC1 on chromatin reached varying views on how PRC1 interacts with chromatin. The reconstituted Drosophila PRC1 packs nucleosomal arrays with a stoichiometry of one PRC1 per tetranucleosome (14) . The reconstituted Drosophila Psc (homolog of Pcgfs) bridges nucleosomes with a stoichiometry of one Psc per mononucleosome (21) . A recent crystal structure indicated that one PRC1 ubiquitylation module binds to each disk surface of a nucleosome (22) . These variations could be due to the compositions of subunits used in the reconstitution reactions or the methods used in the experiments. Thus, it is important to resolve these disparities and to determine the cellular assembly stoichiometry of PRC1 complexes on chromatin.
Studies of the oligomerization status of PRC2 reached divergent opinions (23) (24) (25) (26) (27) . The reconstituted PRC2 has been characterized as a monomer, dimer, or oligomer (23) (24) (25) . By utilizing size exclusion chromatography, the endogenous PRC2 complex from both human and Drosophila was found to have a wide range of apparent molecular masses, ranging from 300 kDa to 1 mDa or higher (26, 27) , whereas gel filtration of native complexes cannot exclude the possibility that PRC2 has extended structures or that non-PRC2 proteins are associated. The molecular stoichiometry of PRC2 within cells therefore remains elusive. Electron microscopy studies suggested that PRC2 is monomeric and may bind to a dinucleosome (25) ; however, whether the in vitro model recaptures the in vivo situation remains unknown.
A few approaches have been developed to quantify the stoichiometry of epigenetic modifications at histones of nucleosomes (28, 29) or in an entire proteome (30) , but addressing the cellular assembly stoichiometry of epigenetic complexes at chromatin has so far been hampered by the absence of adequate techniques. Chromatin immunoprecipitation (ChIP) followed by high throughput sequencing (ChIP-Seq) maps global patterns of histone modifications and chromatin-binding proteins, but ChIP-Seq cannot directly reveal molecular stoichiometry. Sequential ChIP performed on native and purified nucleosomes can reveal the co-occurrence of epigenetic proteins on chromatin, but it is a formidable challenge to establish absolute stoichiometry. Sedimentation velocity analytical ultracentrifugation and gel filtration chromatography are often used to determine the apparent molecular sizes of native protein complexes; however, these techniques cannot exclude the influence of uncharacterized proteins and heterogeneous conformations. Single-molecule fluorescence microscopy is a powerful technique to quantify the absolute number of subunits of the macromolecular protein complex (31) (32) (33) . The quantification is based on the photobleaching behaviors of fluorophores (32, 33) or the ratios of the fluorescent intensities of fluorophores to the reference fluorophores (31, 34, 35) . Single-molecule techniques have been widely applied to chromatin biology and provide a wealth of information on nucleosome structure and dynamics (36 -41) . Here, we combined genetic engineering, chromatin biochemistry, and single-molecule fluorescence imaging to develop a novel and sensitive approach termed Sm-ChIPi to circumvent these limitations and to enable us to directly assess the cellular assembly stoichiometry. By using Sm-ChIPi, for the first time we present the cellular assembly stoichiometry of PcG complexes PRC1 and PRC2 on chromatin. We have found that PRC1 and PRC2 employ distinct mechanisms by which they assemble on chromatin, reflecting their distinct roles in establishing and maintaining repressive polycomb domains. These results contribute significantly to our quantitative understanding of the cellular architecture of PcG complexes, allowing us to suggest possible molecular mechanisms for the PcG-mediated epigenetic silencing. Sm-ChIPi is a direct and sensitive technique and could be applied to many other studies of epigenetic complex assembly on native chromatin. 3 units/ml leukemia inhibitor factor, and 0.1 mM non-essential amino acids (11140050; Life Technologies, Inc.)) at 37°C in 5% CO 2 . Medium was changed every day unless otherwise indicated. To deplete Ring1b alleles, 4-hydroxytamoxifen (OHT; H7904; Sigma) was administered for 3 days under a concentration of 1.0 M. HEK293T cells were maintained in DMEM supplemented with 10% FBS, 2 mM glutamine, and 100 units/ml penicillin/streptomycin at 37°C in 5% CO 2 . H3.3 Ϫ/Ϫ /H3.3-EGFP DT40 cells (48) were maintained in RPMI 1640 medium (11875093; Life Technologies, Inc.) supplemented with 5% FBS, 5% chicken serum (C5405-100ML; Sigma), 50 M ␤-mercaptoethanol, and 100 units/ml penicillin/ streptomycin at 37°C in 5% CO 2 .
Experimental Procedures
The plasmids (49) , and pEGFP-KAP1 (50) have been described previously. The sequences encoding Eed (Addgene) and Ezh2 (Addgene) were amplified by PCR and inserted downstream of the coding sequence of fluorescence protein in pTRIPZ(M) vector (49) . The sequence encoding YFP was amplified by PCR and inserted into pGEX-6P-1 vector (GE Healthcare) to generate pGEX-6P-1-YFP (monomeric YFP) and pGEX-6P-1-YFP-YFP (dimeric YFP). The sequences encoding fusion proteins have been verified by DNA sequencing.
Establishing Transgenic mES Cell Lines-Establishing the transgenic mES cell lines was performed according to the procedure described previously (49) . Briefly, pseudo-viruses were packaged in HEK293T cells by co-transfecting with 21 g of pTRIPZ(M) containing the fusion gene, 21 g of psPAX2, and 10.5 g of pMD2.G. 60 h after transfection, medium was collected and used for transducing mES cells. Hexadimethrine bromide (Polybrene; H9268; Sigma) was added at a concentration of 8 g/ml, and cells were seeded at ϳ15% confluence on gelatin-coated plates. 2 days after infection, infected cells were selected by using 1.0 -2.0 g/ml puromycin (P8833; Sigma). The expression of transgenes was induced by doxycycline (Dox; D9891; Sigma).
Transfection-HEK293T cells at 85-90% confluence were transfected with pEGFP-KAP1 by calcium phosphate. After 24 h of transfection, the medium was replaced with fresh medium. 48 h later, cells were harvested for isolation of chromatin.
Preparation of YFP Proteins-The plasmids pGEX-6p-1-YFP and pGEX-6p-1-YFP-YFP were transformed into the BL21-competent cells, respectively. The protein expression was induced by isopropyl ␤-D-thiogalactopyranoside (AC121; Omega Bio-Tek, Norcross, GA) for 5 h at 37°C. Cell pellets were collected, resuspended in PBS containing 0.1 mM phenylmethanesulfonyl fluoride (PMSF; 93482; Sigma) and protease inhibitor mixture (P8340; Sigma), and sonicated using VibraCell TM sonicator (VCX130; Newtown, CT). 1% Triton X-100 was added to the mixture. After centrifugation, prewashed GSH-Sepharose 4B beads (17-0756-01; GE Healthcare) were added to the supernatant. The mixture was incubated for 30 min at 4°C. After washing four times with PBS containing 1.0% Triton X-100, the YFP proteins were eluted by 5 mM reduced glutathione (G4251; Sigma). The purity and identity of YFP proteins were assessed by SDS-PAGE.
Preparation of Nucleosomes from mES Cells-Approximately 5 ϫ 10 8 cells were harvested by citrate saline solution (135 mM potassium chloride and 15 mM sodium citrate) for adherent cells or collected by centrifugation for DT40 cells, cross-linked with 2.0% paraformaldehyde for 10 min at 4°C, and quenched with glycine. Cells were collected by centrifuging at 300 ϫ g for 5 min at 4°C, and the packed cell volume (PCV) was estimated. Pellets were resuspended in 2.5ϫ PCV of buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 340 mM sucrose, 10% glycerol, 50 g/ml BSA, 1.0 mM Na 3 VO 4 , protease inhibitor mixture, and 0.1 mM PMSF). 2.5ϫ PCV of buffer B (buffer A plus 0.2% Triton X-100) was added, and the mixture was incubated at 4°C for 10 min. Pellets were collected by centrifuging at 1,300 ϫ g for 5 min at 4°C and resuspended with 6ϫ PCV of buffer A. The mixture was loaded to the top layer of pre-chilled sucrose cushion (buffer A ϩ 30% sucrose) and centrifuged at 1,300 ϫ g for 12 min at 4°C. Chromatin pellets were resuspended in buffer A containing 1.0 mM CaCl 2 at the DNA concentration of 2.0 g/ml. To generate mononucleosomes, chromatin was digested with 1.4 units/ml micrococcal nuclease (N5386; Sigma; the enzyme activity was defined as a Sigma unit) for 8 min at 37°C. To produce polynucleosomes, chromatin was digested with 0.7 units/ml for 8 min at 37°C. The reaction was stopped by 4.0 mM EGTA (pH 8.0). To purify mononucleosomes, 5-30% linear sucrose gradient was used. To purify polynucleosomes, 15-40% linear sucrose gradient was used. Linear sucrose gradients were prepared by dissolving sucrose in the buffer M (10 mM HEPES, pH 7.9, 50 g/ml BSA, 10 mM KCl, 1.5 mM EDTA, 1.0 mM Na 3 VO 4 , 0.2 mM DTT and 0.5 mM PMSF). Approximately 300 -400 g of DNA in 0.5 ml were loaded on the top layer of the gradient, and samples were fractionated for 18 -20 h at 200,000 ϫ g using TH-641 Swinging Bucket Rotor and Sorvall WX ultracentrifuge (Thermo Fisher Scientific, Waltham, MA). 0.5 ml per fraction was collected. The DNA fragment size of each fraction was analyzed by agarose gel electrophoresis.
Preparation of Nucleosomes from Differentiated Cells-mES cells were induced to differentiate as described previously (51) . Briefly, mES cell lines, Cbx2
fl/fl /Y-Ring1b, and Bmi1
, were cultured to reach 80 -90% confluency. Approximately 6 ϫ 10 6 cells were resuspended in 10 ml of DMEM supplemented with 10% FBS, 2 mM glutamine, and 100 units/ml penicillin/streptomycin, and plated in a 10-cm polystyrene stackable Petri dish (8609 -0010; USA Scientific, Ocala, FL). Medium was changed every 48 h. On day 4, a final concentration of 500 M retinoic acid (R2625; Sigma) was administered. On day 8, cells were changed with medium containing 2 g/ml Dox or Dox with OHT for Ring1b fl/fl /Y-Ring1b. On day 10, chromatin was isolated, and nucleosomes were prepared as described above.
Preparation of Polynucleosomal Arrays and Their Interaction with PRC1-Tetranucleosome reconstitution was performed as described previously by salt dialysis (52, 53) . Briefly, recombinant human histone octamer (H2A, H2B, H3.1, and H4), assembled from Escherichia coli-expressed individual histones as described (52) , was added to DNA in approximately a 1:1 molar ratio in 10 mM Tris-HCl, pH 7.6, 2 M NaCl, 1 mM EDTA, 0.5 mg/ml BSA, 0.05% Nonidet P-40, and 5 mM ␤-mercaptoethanol. Salt dialysis was performed at 4°C for ϳ20 h from 2 M NaCl buffer to 50 mM NaCl and a final dialysis step for 1 h at 50 mM NaCl. Samples were incubated at 37°C for 1 h before storage on ice up to 4 weeks. The extent of chromatinization was assessed by limited micrococcal nuclease digestion. The DNA template used was an 863-bp PCR fragment amplified from a plasmid construct 3 containing two "601" nucleosome-positioning sequences (54) flanking five Gal4-binding sites and an adenoviral E4 promoter. The PCR product was amplified with one 5Ј-biotin-triethyleneglycol primer.
The 15-mer nucleosomal DNA template is a purified ϳ3.1-kb biotinylated PCR product from the plasmid pUC18-G5cyc1G- (55) . The 15-mer polynucleosome was reconstituted through a previously developed enzymatic assembly method (56, 57) . Biotinylated DNA, human histone octamers (as described for tetranucleosome assembly), human histone chaperone NAP1, yeast nucleosome positioning factor yIsw1a, and an ATP regeneration system (final concentrations: 30 mM cre-atine phosphate, 3 mM ATP, 4.1 mM MgCl 2 , and 6.4 g/ml creatine kinase) were incubated at 30°C for 5 h in buffer containing 10 mM HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl 2 , 500 M EGTA, 10% glycerol, 2.5 mM ␤-glycerophosphate, 200 M PMSF, and 1 mM DTT.
Ring1b fl/fl /Y-Ring1b mES cells were cultured in the presence of 0.5 g/ml doxycycline and 1.0 M OHT for 3 days. Nuclei were purified from 5 ϫ 10 7 cells and lysed in 0.5 ml of buffer containing 20 mM Tris-HCl, pH 7.4, 0.5% Nonidet P-40, 350 mM NaCl, 0.25 mM EDTA, 10% glycerol, 0.1 mM Na 3 VO 4 , protein inhibitor mixture, and 0.1 mM PMSF. 120 l of biotinylated nucleosomal arrays (18 nM) was incubated with 380 l of nuclear extract at 4°C overnight. The 0.5 ml of mixture was loaded into 15-40% sucrose gradient and fractionated as described above. 0.5 ml per fraction was collected and fixed with 0.2% of paraformaldehyde. DNAs were extracted and analyzed by agarose gel electrophoresis.
Construction and Passivation of Flow Chamber-Flow chambers were constructed as described previously with modifications (32) . Two 0.75-mm holes across from each other were drilled in a quartz slide (12-550-15; Thermo Fisher Scientific). The slides and coverslips (48366-249; VWR, Radnor, PA) were sonicated with Milli-Q water for 30 min and incubated with methanol overnight. The coverslips were treated with 1.0 M KOH for 40 min, dried, and burned for 1-2 s using a propane torch. Then the coverslips were incubated with methanol supplemented with 1% aminosilane (N-2-aminoethyl-3-aminopropyltrimethoxysilane (A21541; Pfaltz & Bauer, Waterbury, CT)) and 5% acetic acid for 20 min in the dark at room temperature. After washing with methanol and water, the coverslips were dried with nitrogen gas and placed in a humidified box in the dark. To each coverslip, 70 l of the passivated solution (10 mM sodium bicarbonate, pH 8.5,16 mg of mPEG-SVA (MPEG-SVA-5000; Laysan Bio, Arab, AL)), 0.3 mg of biotin PEG-SVA (256-586-9004; Laysan Bio) was added and incubated in a humidified box for 3-4 h in the dark. After washing with Milli-Q water, the coverslips were assembled on the quartz slide by sandwiching a piece of double-sided tape between the slide and the coverslip in the way that it creates an ϳ6.0-mm channel where the inlet/outlet holes are located. The edges of the flow chambers were sealed with epoxy glue (14250; Devcon, Danvers, MA) and stored at Ϫ20°C under nitrogen gas.
Imaging by Single-molecule Total Internal Reflection Fluorescence (TIRF) Microscopy-Samples intended for the Sm-ChIPi analysis were incubated with biotinylated antibodies, anti-GFP (ab6658; Abcam, Cambridge, UK), anti-histone H2B (60R-1215; Fitzgerald Industries, Acton, MA), and anti-histone H3 (5748; Cell Signaling Technology, Boston, MA), at 4°C overnight. Flow chamber was loaded with 0.2 g/ml NeutrAvidin (31000; Thermo Fisher Scientific) and washed with TE50 buffer. After cross-linking with 0.5% paraformaldehyde for 15 min at 4°C, 100 l of the samples were loaded into the flow chamber. After washing with TE50 buffer, images were acquired by using Zeiss Axio Observer D1 Manual Microscope (Zeiss, Germany) equipped with an Alpha Plan-Apochromatic 100ϫ/1.46 NA Oil Objective (Zeiss, Germany) and an Evolve 512 ϫ 512 EMCCD camera (Photometrics, Tucson, AZ). The fluorescent intensity of time traces was generated by ImageJ, and background intensity was subtracted from the area surrounding the spot of interest. The photobleaching steps were detected by Chang-Kennedy filtering (58) . Histogram was constructed using data from three replicates with each measurement of over 100 individual spots analyzed. The functionalized blank slide surface showed ϳ5 fluorescent spots per 1,000 m 2 . The number of fluorescent spots was typically ϳ300 -600 spots per 1,000 m 2 via antibody immobilization by controlling the lysate or fraction dilution factor. At the same dilution factor and without antibody, the number of fluorescent spots was typically ϳ10 fluorescent spots per 1,000 m 2 , implying that ϳ4% is from non-specifically adsorbed proteins to the surface.
Fluorescence Correlation Spectroscopy (FCS)-FCS measurements were performed at 37°C on a Zeiss LSM780 using a C-Apochromat infinity color-corrected 1.2 NA 40ϫ water objective. Cells were seeded on glass dishes the day before the experiment. Excitation of YFP was performed with the 488-nm line of a 20-milliwatt argon laser. For intracellular measurements, the desired recording position was chosen in the LSM image. Autocorrelation curves were derived from fluorescence fluctuation analysis using the ZEN2012 FCS module. Autocorrelation curves were fit to one-component models of free diffusion in three dimensions with triplet function of Equation 1 (59),
where D1 and F are the diffusion time and the triplet time, respectively; N and F are the number of molecules in the confocal volume and the triplet fraction, respectively; and S ϭ w z /w xy , where w z and w xy represent the half height and radius of the confocal volume, respectively. The size of the confocal volume V eff was calibrated using a series dilution of rhodamine green dye in PBS. The concentration of YFP-Ring1b was determined by Equation 2,
The concentration of endogenous Ring1b was determined by Equation 3 ,
where 0.90 is the ratio of endogenous Ring1b to YFP-Ring1b, which was determined by Western blotting. The number of YFP-Ring1b molecules in single mES cell nucleus was calculated by Equation 4 ,
where a ϭ b ϭ 5 m and c ϭ 2.5 m. C Ring1b is the concentration of endogenous Ring1b protein.
ChIP-ChIP was performed as described previously (43, 51). Briefly, KO mES cells complemented with the YFP-PRC1 fusion Assembly Stoichiometry of Polycomb on Chromatin by Sm-ChIPi NOVEMBER 20, 2015 • VOLUME 290 • NUMBER 47 gene were cross-linked with 1.2% formaldehyde (28908; Thermo Fisher Scientific) for 10 min at room temperature and quenched by 125 mM glycine. Cells were washed sequentially with LBI buffer (50 mM HEPES, pH 7.9, 140 mM NaCl, 1.0 mM EDTA, 10% glycerol, 0.5% Nonidet P-40, and 0.25% Triton X-100), LBII buffer (10 mM Tris-HCl, pH 8.0, 200 mM NaCl, and 15 mM EDTA), and LBIII buffer (10 mM Tris-HCl, 100 mM NaCl, 1.5 mM EDTA, 0.1% sodium deoxycholate, and 0.5% N-lauroylsarcosine). Chromatin was fragmented to the size of 200 -500 bp by Vibra-Cell TM sonicator (VCX130; Sonics, Newtown, CT). One-tenth of 10% Triton X-100 was added to the lysate. After pre-cleaning with protein G beads (101241; Life Technologies, Inc.), antibodies, anti-Cbx7 (sc-70232; Santa Cruz Biotechnology, Santa Cruz, CA), anti-Cbx2 (ab80044; Abcam, Cambridge, MA), anti-Mel18 (sc-10744; Santa Cruz Biotechnology), and anti-Ring1b (D139-1; MBL, Woburn, MA), were incubated with lysates, respectively. The immunoprecipitated DNAs were quantified using LightCycler 4800 SYBR Green I master mix (04707516001; Roche Applied Science) with AB Applied Biosystems. Triplicate PCRs were carried out for each sample. The efficiencies of ChIP were quantified relative to a standard curve prepared using input chromatin. The sequences of the primers used for quantitative PCR has been described previously (43, 51) .
Immunoprecipitation (IP)-IP was performed as described previously (51) . Briefly, nuclei were purified from 3 ϫ 10 8 cells and lysed using buffer containing 20 mM Tris-HCl, pH 7.4, 0.1% Nonidet P-40, 350 mM NaCl, 0.25 mM EDTA, 20% glycerol, 0.1 mM Na 3 VO 4 , 0.1 mM PMSF, and protein inhibitor mixture. After pre-cleaning with protein G beads, the lysate was incubated with anti-GFP mAb-agarose beads (D153-8; MBL). The beads were washed using buffer containing 20 mM Tris-HCl, pH 8.0, 1% Nonidet P-40, 200 mM KCl, 0.2 mM EDTA, and 0.1 mM PMSF. The proteins were resolved using NuPAGE 4 -12% BisTris gel (NP0321BOX; Life Technologies, Inc.) and were transferred to 0.45-m Immobilon-FL polyvinylidene fluoride membrane (Millipore, Darmstadt, Germany). Specific proteins were probed with anti-Phc1 (6-1-3; Active Motif, Carlsbad, CA) and anti-Ring1b (D139-3; MBL), and detected with ECL Plus (GE Healthcare). Membranes were imaged using a ChemiDoc XRS system (Bio-Rad).
Immunofluorescence-Immunofluorescence was performed as described previously (51) . Wild-type, Ezh2
Ezh2
Ϫ/Ϫ /Y-Ezh2, and Eed Ϫ/Ϫ /Y-Eed mES cells were plated on coverslips and cultured for 24 h. Cells were fixed using 2.0% paraformaldehyde for 10 min. Cells were washed with PBS and incubated with 0.2% Triton X-100 for 10 min. After washing with basic blocking buffer (10 mM PBS, pH 7.2, 0.1% Triton X-100, and 0.05% Tween 20), cells were incubated with blocking buffer (basic blocking buffer plus 3% goat serum and 3% bovine serum albumin) for 1 h. Anti-H3K27me3 antibody (07-449; Millipore, Billerica, MA) diluted in blocking buffer was incubated with cells for 2 h at room temperature. After washing with basic blocking buffer, Alexa 488-labeled goat anti-rabbit antibody (A-11008; Life Technologies, Inc.) diluted in blocking buffer was incubated with cells for 1 h. Cells were rinsed with PBS and washed with basic blocking buffer. After incubating with 0.1 g/ml Hoechst, cells were washed and mounted on slides with ProLong antifade reagents (P7481; Life Technologies, Inc.). The images were taken and processed as described previously (49) .
Results

Development of a Novel Approach to Assess the Cellular Assembly Stoichiometry of PcG Complexes on Chromatin-To
assess the cellular assembly stoichiometry of PcG complexes on chromatin, we developed the Sm-ChIPi approach (Fig. 1a) . A YFP-PcG fusion gene was stably expressed in its corresponding KO mES cells, which allows incorporating the fusion protein into PcG complexes without the interference of the endogenous counterpart. Cells were cross-linked with paraformaldehyde to preserve complex association prior to cell lysis. After cleaning with a sucrose cushion, chromatin extraction was subject to micrococcal nuclease digestion. The PcG⅐nucleosome complexes were fractionated by sucrose gradient ultracentrifugation. The fractions intended to be analyzed were incubated with biotinylated antibodies. The resultant complexes were immobilized on a quartz slide that had been passivated and functionalized with NeutrAvidin. Alternatively, without sucrose gradient ultracentrifugation, the PcG⅐nucleosome complexes were directly immobilized on the surface by biotinylated anti-histone antibodies. Image stacks were acquired by using TIRF microscopy with laser excitation, which gives high sensitivity and low background. Such TIRF experiments detect surface-bound molecules as discrete spots. Individual spots represent single PcG⅐nucleosome complexes. The time traces of fluorescent intensity were generated from image stacks by using ImageJ. The photobleaching steps were detected by Chung-Kennedy filtering (58) and reflect the number of YFP tags within a spot and thus the number of protein subunits within a complex.
To assess the detection efficiency of Sm-ChIPi approach, we generated monomeric and dimeric YFPs. The YFP proteins were immobilized on the surface via biotinylated anti-GFP antibody (Fig. 1, b and c) . The discrete points were observed under TIRF microscopy, indicating individual YFP proteins on the surface. The functionalized coverslip greatly prevents nonspecific binding of YFPs to the surface (images not shown). Analysis of fluorescence trajectories of monomeric YFPs indicated that 97% of spots are one-step photobleaching, although 3% are two-step photobleaching, which accounts for random co-localization (Fig. 1b) . For dimeric YFPs, 70% were two-step photobleaching (Fig. 1c) , which is consistent with the previous report of a probability of p ϭ 0.80 for an individual YFP protein to be fluorescent (60) . The 3 and 70% values were used to predict the assembly stoichiometry of PcG complexes on chromatin, which was reported in the text unless otherwise indicated.
To validate the Sm-ChIP approach enabling us to accurately quantify stoichiometry of nucleosome complexes, we counted the number of H3.3-EGFP within a nucleosome (Fig. 2, a-e (48) . The H3.3-EGFP mononucleosomes were immobilized on the surface by biotinylated anti-H2B antibody. The functionalized surface efficiently prevents nonspecific binding of nucleosome complexes to the surface (images not shown). Analysis of fluorescence trajectories indicated that (75 Ϯ 2)% of spots are two-step photobleaching. If the probability of an individual EGFP to be fluorescent was taken into account, 100% of EGFP-H3.3 nucleosome had a dimeric EGFP-H3.3.
To evaluate whether the Sm-ChIPi approach can detect oligomers of protein on a nucleosome, we analyzed oligomerization of EGFP-KAP1 on a nucleosome (Fig. 2, f-j) because KAP1 forms trimer in solution (61) . EGFP-KAP1 was transiently expressed in HEK293T cells. The presence of endogenous KAP1 protein prevents quantifying the exact stoichiometry of KAP1 on nucleosome, and overexpression allows assessing its oligomerization status. Mononucleosomes were prepared from EGFP-KAP1-transfected HEK293T cells and immobilized on the surface by biotinylated anti-H2B antibody. Analysis of fluorescence trajectories indicated that 4, 16, 25, 20, 17 , and 18% of spots are one-to six-step photobleaching, respectively, suggesting that one nucleosome can associate with six KAP1 proteins. In summary, the Sm-ChIPi approach is a direct and sensitive technique to quantitatively assess assembly stoichiometry of epigenetic complex on chromatin.
Cellular Assembly Stoichiometry of YFP-PRC1 Proteins on a
Mononucleosome-To assess the cellular assembly stoichiometry of PRC1 on chromatin, the YFP-PRC1 fusion genes, Y-Cbx2, Y-Cbx7, Y-Mel18, and Y-Ring1b, were introduced into KO mES cells, respectively. Cbx2, Cbx7, and Mel18 are the core subunits of canonical PRC1 complexes, and Ring1b is the core subunit of all PRC1 complexes (8) . The expression of the fusion proteins were induced by 0.5 g/ml Dox unless otherwise indicated.
Ring1b
fl/f ;Rosa26::CreERT2 cells were incubated with 1.0 M OHT for 3 days to deplete Ring1b locus (hereafter Ring1b Ϫ/Ϫ ). The YFP-PRC1⅐nucleosome complexes were isolated from cells and fractionized by ultracentrifugation. Agarose gel electrophoresis was used to analyze the distribution of nucleosomal DNAs extracted from ultracentrifugation fractions (Fig. 3a) . Fraction 18, the peak of mononucleosomes, was selected for the Sm-ChIPi analysis. The YFP-PRC1⅐mononucleosome complexes were immobilized by biotinylated anti-H3 antibody (Fig.  3b) . The Sm-ChIPi analysis showed that 98.6, 97.2, 97.2, and 97.2% of individual fluorescent spots had one molecule of YFPCbx2, YFP-Cbx7, YFP-Mel18, and YFP-Ring1b, respectively (Fig. 3b) , suggesting an assembly stoichiometry of PRC1 to mononucleosome is 1:1. To rule out issues of histone epitope accessibility, we immobilized the YFP-PRC1⅐mononucleosome complexes by biotinylated anti-H2B antibody as well (Fig. 3c) . The immobilization by anti-H2B antibody gave the same results as the immobilization by anti-H3 antibody. We also immobilized the YFP-PRC1⅐mononucleosome complexes by biotinylated anti-GFP antibody (Fig. 3d) . The immobilization produced the same results as the immobilization by antibodies against histones. To investigate whether the protein level affects the assembly stoichiometry, we prepared nucleosomes from Cbx2 Ϫ/Ϫ /Y-Cbx2 mES cells in the presence of a variety of Dox concentrations. The assembly stoichiometry of YFP-Cbx2 to a mononucleosome was not affected by its protein level (Fig.  3e) . Because sucrose gradient ultracentrifugation is based on the volume and mass of particles, it is possible that the assembly stoichiometry may be different among fractions. The Sm-ChIPi analysis showed that fractions 22 and 23 have the same assembly stoichiometry as fraction 18 (Fig. 3f) .
To seek out independent evidence for the assembly stoichiometry, we performed a single-molecule co-localization assay (Fig. 3g) . Both YFP-Cbx2 and mCherry-Cbx2 fusion genes were co-expressed in the Cbx2 Ϫ/Ϫ mES cells. The cross-linked mononucleosome fractions were prepared as above. The single-molecule co-localization analysis showed that 2.3% of YFPCbx2 and mCherry-Cbx2 overlap, which accounts for random co-localization. The same analysis showed 1.4% of YFP-Cbx7 and mCherry-Cbx7 co-localize. Additionally, both YFP-Cbx2 and mCherry-Cbx7 fusion proteins were co-expressed in Cbx7 Ϫ/Ϫ mES cells. Analysis as above showed that 2.3% of YFPCbx2 and mCherry-Cbx7 co-localize. Thus, these data suggest that one PRC1 binds one mononucleosome.
To assess whether the YFP-PRC1 fusion proteins behave as their endogenous counterparts, we performed biochemical assays. Western blotting analysis indicated that the levels of YFP-Cbx7 and YFP-Ring1b are similar to that of their endogenous counterparts at 0.5 g/ml Dox, whereas the background expression level of YFP-Cbx2 is similar to that of its endoge- NOVEMBER 20, 2015 • VOLUME 290 • NUMBER 47
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nous counterpart (Fig. 4a) . Co-IP indicated that YFP-Cbx2, YFP-Cbx7, and YFP-Mel18 precipitate endogenous Ring1b and Phc1, whereas YFP-Ring1b precipitates endogenous Phc1 (Fig.  4b) . ChIP analysis indicated that YFP-Cbx2, YFP-Cbx7, YFPRing1b, and YFP-Mel18 are enriched at the promoters of known PRC1 target genes (Fig. 4c) . Thus, these data indicate that the YFP fusion proteins test function as their endogenous counterparts.
To quantify the number and the concentration of PRC1 complexes in mES cells, we performed FCS experiments (Fig. 4d) .
The concentration and the numbers of Ring1b were estimated to be 0.12 M and 18,000 molecules, respectively. The number of polycomb domains has been estimated to be about 16,000 (6) . Thus, the number of PRC1 complexes roughly equals the number of polycomb domains.
Cellular Assembly Stoichiometry of YFP-PRC1 Proteins on a Polynucleosomal
Array-Although fraction 23 of the sucrose gradients typically contains both mononucleosomes and dinucleosomes, 97.2% of individual fluorescent spots have one YFP-Cbx2 molecule, which suggests that at least a dinucleo- NOVEMBER 20, 2015 • VOLUME 290 • NUMBER 47
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some can associate with one PRC1 (Fig. 3, a and f) . To further explore the assembly stoichiometry of PRC1 on polynucleosome, we generated a mixture of nucleosomes containing mono-, di-, and tri-nucleosomes (Fig. 5a ). Fraction 19 used for the Sm-ChIPi analysis contained (48 Ϯ 2)%, (31 Ϯ 5)%, and (20 Ϯ 6)% of mononucleosomes, dinucleosomes, and trinucleosomes, respectively. The mixture of nucleosomes was immobilized by biotinylated anti-H3 antibody (Fig. 5c) YFP-Mel18, and YFP-Ring1b, respectively (Fig. 5d) . Thus, these data indicate that one PRC1 can bind a trinucleosome.
To further assess the assembly stoichiometry, we generated a mixture of nucleosomes containing nucleosomal arrays larger than trinucleosomes (Fig. 5b) . Fraction 22 contained (16 Ϯ 9)% and (10 Ϯ 5)% of pentanucleosomes and hexanucleosomes, respectively. The Sm-ChIPi analysis of fraction 22 showed that 7.1, 8.6, 7.1, and 5.7% of individual fluorescent spots had two molecules of YFP-Cbx2, YFP-Cbx7, YFP-Mel18, and YFPRing1b, respectively (Fig. 5d) , indicating that one PRC1 complex can associate with multiple nucleosomes. Fraction 23 contained (17 Ϯ 6)% and (12 Ϯ 5)% of hexanucleosomes and heptanucleosomes, respectively. The Sm-ChIPi analysis of fraction 23 showed that 20, 18.6, 22.9, and 18.6% of individual flu- orescent spots had two molecules of YFP-Cbx2, YFP-Cbx7, YFP-Mel18, and YFP-Ring1b, respectively (Fig. 5d) . Together, these data suggest that one PRC1 can associate with multiple nucleosomes.
To provide additional evidence of the PRC1 association with multiple nucleosomes, we reconstituted tetranucleosomal and 15-mer polynucleosomal arrays from recombinant histone octamers with biotin at one end (Fig. 5, e-g ). The biotin-nucleosomal arrays were incubated with nuclear extract from Ring1b Ϫ/Ϫ /Y-Ring1b mES cells (Fig. 5e) . The mixture was subjected to sucrose gradient ultracentrifugation, and fractions containing the nucleosomal arrays were analyzed. The YFPRing1b-PRC1⅐polynucleosome complexes were immobilized by biotin to the surface. Analysis of fluorescence trajectories indicated that 4.2 and 5.7% of individual fluorescent spots have two molecules of YFP-Ring1b on a tetranucleosome for fractions 22 and 23, respectively (Fig. 5f) , and 30% of individual fluorescent spots have two molecules of YFP-Ring1b on a 15-mer polynucleosome. Notably, there were no three molecules of YFP-Ring1b on a 15-mer polynucleosome. Thus, these data suggest that one PRC1 can potentially associate with seven nucleosomes.
ES Cell Differentiation Selectively Alters the Assembly Stoichiometry of YFP-Cbx2
Protein on Chromatin-Features of chromatin are distinct between pluripotent and differentiated cells (62, 63) . To assess whether the ES cell differentiation alters the PRC1-nucleosome stoichiometry, KO mES cells complemented with the YFP-PRC1 fusion gene were induced to differentiation by forming embryoid bodies. After a 10-day differentiation, the YFP-Ring1b-PRC1⅐polynucleosome complexes were prepared and immobilized (Fig. 6, a-c) . The Sm-ChIPi analysis of the mononucleosome fraction indicated that a 1:1 assembly stoichiometry of PRC1 to mononucleosome (Fig. 6d) , which is the same as undifferentiated mES cells. The Sm-ChIPi analysis of fraction 20 indicated that 17.1, 7.1, 6.6, and 8.6% of individual fluorescent spots have two molecules of YFP-Cbx2, YFP-Cbx7, YFP-Mel18, and YFP-Ring1b, respectively (Fig. 6d) , indicating that a 2-fold larger fraction of the Cbx2-containing PRC1 complex associates with nucleosomes that have a second PRC1 complex bound, and that, in contrast with undifferentiated mES cells, a dinucleosome can associate with two molecules of Cbx2.
Fractions 22 and 23 contained nucleosomal array larger than a trinucleosome (Fig. 6b) . The Sm-ChIPi analysis of fraction 22 indicated that 31.0, 12.9, 11.4, and 10.0% of individual fluorescent spots have two molecules of YFP-Cbx2, YFP-Cbx7, YFPMel18, and YFP-Ring1b, respectively (Fig. 6d) . The Sm-ChIPi analysis of fraction 23 indicated that 52.8, 25.7, 27, and 31% of individual fluorescent spots have two molecules of YFP-Cbx2, YFP-Cbx7, YFP-Mel18, and YFP-Ring1b, respectively (Fig. 6d) . Thus, these data indicated again that a 2-fold larger fraction of the Cbx2-containing PRC1 complexes associates with nucleosomes that have a second PRC1 complex bound. Altogether, these data suggest that ES cell differentiation selectively alters the assembly stoichiometry of YFP-Cbx2 protein on chromatin.
Assembly Stoichiometry Is Not Affected by the Depletion of PRC2 Subunit Eed-Previous studies have shown that the histone tails of the nucleosome are not required for compacting nucleosomal arrays by PRC1 (14) . To test the effects of PRC2 on the native PRC1-nucleosome stoichiometry, we took advantage of the fact that Cbx4 and Cbx8 are not expressed in mES cells (64) . YFP-Cbx4 and YFP-Cbx8 fusion genes were expressed in Eed KO mES cells, respectively. Nucleosomes were generated and immobilized by anti-H3 antibody (Fig. 7, a and c) . The Sm-ChIPi analysis of the mononucleosome fraction 15 showed that 97.0 and 97.4% of individual fluorescent spots have one molecule of YFP-Cbx4 and YFP-Cbx8, respectively (Fig. 7d) . The Sm-ChIPi analysis of the polynucleosome fraction 23 indicated that 26.9 and 26.3% of fluorescent spots have two molecules of YFP-Cbx4 and YFP-Cbx8, respectively (Fig. 7d) . For a control, we established wild-type mES cells that stably express YFP-Cbx4 and YFP-Cbx8, respectively. Nucleosomes were prepared and immobilized by anti-H3 antibody as above (Fig. 7, b  and c) . The Sm-ChIPi analysis of the mononucleosome fraction 15 indicated that 97.1% of individual fluorescent spots have one molecule of both YFP-Cbx4 and YFP-Cbx8, respectively (Fig.  7e) . The Sm-ChIPi analysis of the polynucleosome fraction 23 showed that 25.4 and 27.8% of individual fluorescent spots have two molecules of YFP-Cbx4 and YFP-Cbx8, respectively (Fig.  7e) . Thus, these data suggest that the PRC2 Eed protein does not affect the cellular assembly stoichiometry of YFP-Cbx4 and YFP-Cbx8 on chromatin.
Nucleoplasmic PRC1 Is Monomeric-To assess the stoichiometry of individual subunits of PRC1 within the nucleoplasm of cells, we employed a recently developed single-molecule immunoprecipitation approach (32) . Nucleoplasmic fractions were extracted from mES cell lines and cross-linked with paraformaldehyde. YFP-PRC1 was immobilized on the surface by biotinylated anti-GFP antibody (Fig. 8a) . Single-molecule image stacks were acquired using TIRF microscopy. Analysis of the numbers of YFP-PRC1 fusion proteins showed that 98.9, 97.9, 99.0, and 97.7% of individual fluorescent spots are one molecule of YFP-Cbx2, YFP-Cbx7, YFP-Mel18, and YFPRing1b (Fig. 8b) , respectively, indicating a stoichiometry of 1:1: 1:1 molecule for YFP-Cbx2, YFP-Cbx7, YFP-Mel18, and YFPRing1b and one copy of each subunit of PRC1. (Fig. 9a) , suggesting that the two fusion proteins function as their endogenous counterparts. The residual H3K27me3 in Ezh2 Ϫ/Ϫ mES cells may be generated by Ezh1. YFP-PRC2 from the nucleoplasm was immobilized by anti-GFP antibody (Fig.  9b) . Single-molecule immunoprecipitation analysis showed that 18.6 and 15.7% of individual fluorescent spots have two molecules of YFP-Eed and YFP-Ezh2, indicating a mixture of monomeric and dimeric PRC2.
PRC2 Is a Mixture of Monomer and Dimer and Binds to
To assess the assembly stoichiometry of PRC2 on chromatin, the YFP-PRC2⅐mononucleosome complexes were prepared and immobilized by biotinylated anti-H3 antibody (Fig. 9c) . The Sm-ChIPi analysis showed that 19.5 and 19.2% of fluorescent spots have two molecules of Y-Eed and Y-Ezh2, indicating that two PRC2 complexes can bind to a nucleosome. The Y-Eed⅐mononucleosome complexes were also immobilized by biotinylated anti-H2B (Fig. 9d) or anti-GFP antibodies (Fig. 9e) . The Sm-ChIPi analysis gave similar results among these antibodies. Together, these data indicate that PRC2 binds to nucleosome in a 1:1 or 2:1 stoichiometry.
Discussion
In this study, we devised a novel approach to assess the cellular assembly stoichiometry of epigenetic complexes on chro- Assembly Stoichiometry of Polycomb on Chromatin by Sm-ChIPi NOVEMBER 20, 2015 • VOLUME 290 • NUMBER 47 matin and provided evidence that the PcG complexes PRC1 and PRC2 employ distinct mechanisms by which they assemble on chromatin. The cellular assembly stoichiometry reflects the mechanism by which the PcG complexes initiate, establish, and maintain repressive polycomb domains. Molecular counting based on single-molecule fluorescence microscopy is a powerful approach to quantitatively assess the number of molecules within a macromolecular protein complex. By analyzing fluorescence photobleaching steps, Ulbrich and Isacoff (33) counted subunit composition of membranebound proteins expressed in Xenopus laevis oocytes. By developing and applying single-molecule fluorescence two-color coincidence detection, Balasubramanian and co-workers (31) characterized subunit composition within a reconstituted telomerase complex. By combining immunoprecipitation and single-molecule imaging, Ha and co-workers (32) developed single-molecule pull down (SiMPull) to probe how many proteins and which kinds are present in individual cellular protein complexes. Here, by integrating genetic engineering, chromatin immunoprecipitation, and single-molecule imaging, we developed Sm-ChIPi to quantify cellular assembly stoichiometry of epigenetic complex on chromatin. Both SiMPull and SmChIPi are based on immunoprecipitation; however, Sm-ChIPi has been specifically developed and optimized for nucleosome complexes.
Biological Significance of the Cellular Assembly Stoichiometry of PRC1 on Chromatin-Although a nucleosome has 2-fold symmetry of histone organization, histone tails have been shown to be asymmetrically modified (28) . The H3K27me3 mark has been suggested to be a dock site for the canonical PRC1 via interaction with the Cbx proteins (65) . By a biochemical principle, we should detect a mixture of nucleosomes bound with one or two Cbx⅐PRC1 complexes. However, our Sm-ChIPi analysis indicated that one PRC1 can potentially associate with seven nucleosomes, suggesting that the PRC1 complex has multiple binding sites for nucleosomes or that the nuclear environment directs the PRC1 complex assembly on multiple nucleosomes. These data also implicate that the binding of a PRC1 to one disk surface of a nucleosome prevents association of the second nucleosomal disk surface with an additional PRC1. In mammalian cells, only a few large polycomb domains cover multiple neighboring genes, and the vast majority of polycomb domains cover individual promoter regions (6) . Considering that the polycomb peaks of ChIP-Seq at promoters is less than 10 kb on average (6), we predict that only a small number of PRC1s reside at the promoter of each gene. To assess the stoichiometric relationship between PRC1 and polycomb domains, we measured the number of PRC1s in mES cells by FCS and found that the number of Ring1bs in mES cells roughly equals the number of polycomb domains. These data imply that only a small number of PRC1 complexes are decorated on chromatin to repress one gene.
The reconstituted Drosophila PRC1 packs nucleosomal arrays where histone tails have been depleted (14) . The in vitro observations are consistent with the cellular assembly stoichiometry of PRC1 on chromatin where the depletion of the PRC2 Eed has no effect on the PRC1 assembly stoichiometry. The mechanism by which PRC1 mediates compaction of chromatin may be distinct from HP1 and L3MBTL1 proteins because both require histone lysine methylation in vitro (66, 67) .
Previous studies have shown that the features of chromatin are distinct between pluripotent and differentiated cells and reflect the importance in establishing and maintaining lineagespecific gene transcription profile (62, 63) . Our observations that the assembly stoichiometry of Cbx2 on chromatin is distinct between mES and differentiated cells suggest that the Cbx proteins diversify their functions during cell differentiation. Recent studies have shown that Cbx2 possesses unique characteristics during development and cell cycle progression (49, 68) . In a mouse zygote, Cbx2 targets PRC1 to constitutive heterochromatin in a parent-of-origin-dependent manner (68) . In mES cells, Cbx2 targets PRC1 to mitotic chromosomes in a PRC2-independent manner and binds stably to mitotic chromosomes without dissociation (49) . Cbx2 is the active subunit of mammalian PRC1 for both inhibition of remodeling and compaction of chromatin in vitro via a stretch of charged amino acids (69) . The charged domain has been proposed to interact with a nucleosome and to create more interactions with other nucleosomes. We propose that ES cell differentiation induces more Cbx2 proteins to be loaded onto chromatin, which may facilitate further chromatin compacting to establish and maintain stable epigenetic silencing. Further studies are needed to explore the mechanisms and functional roles of the unique Cbx2 protein.
Our single-molecule immunoprecipitation analysis indicated that the nucleoplasmic PRC1 proteins do not self-interact within cells under their expression levels similar to endogenous counterparts. However, several studies of the individual PRC1 subunits showed that they can self-associate in vitro (16 -19) , suggesting that the complex formation may prevent the selfassociation of individual subunits or that the in vitro observations do not reflect the physiological conditions. Recent studies showed that both Drosophila Ph and mammalian homolog Phc2 form oligomers (70, 71) , and the oligomerization can be prevented by O-GlcNAcylation (71) . Such oligomerization of Ph/Phc2 may play an architectural role in the long range organization of large polycomb domains that cover multiple neighboring genes, such as the Hox gene clusters and the inactive X chromosome in female cells. However, because the vast majority of polycomb domains are relatively small and usually overlap with promoter regions, the Ph/Phc2 oligomerization may not be required for genes with small polycomb domains. This hypothesis is consistent with the depletion of Ph/Phc2 mainly affecting expression of genes with larger polycomb domains (70, 71) . Clearly, it will be important to test how the oligomerization of Ph/Phc regulates long range organization of chromatin structure in vivo.
Role of a Dimeric PRC2 in the Formation of a Repressive Polycomb Domain-Here, we provide direct evidence that nucleoplasmic PRC2 is a mixture of monomers and dimers. Previous studies of the reconstituted PRC2 reached divergent views about states of PRC2 oligomerization (23) (24) (25) . The reconstituted PRC2 with five core subunits has been identified as a dimer (23) . The reconstituted PRC2 with four subunits has been shown to be monomeric by electron microscopy (25) . The reconstituted PRC2 with three subunits has been found to a mixture of monomers, dimers, trimers, and higher order oligomers (24) . These variations could be due to the numbers of PRC2 subunits used in the reconstituted assay or the methods used to characterize the oligomerization states. Gel filtration fractionation of nuclear extracts from both mammals and Drosophila suggested that the apparent molecular weight of PRC2 is consistent with a mixture of monomers, dimers, and oligomers (26, 27) . However, the gel filtration could not exclude non-PRC2 proteins or an extended structure of PRC2. Our observations by using ultra-sensitive single-molecule immunoprecipitation resolved these disparities.
We found that PRC2 binds to a nucleosome in a 1:1 or 2:1 stoichiometry in vivo. We suggest that a monomeric PRC2 might play a role in the initial establishment stage of polycomb domain formation and that the subsequent assembly and spreading of PRC2 proteins along the chromatin may require dimeric PRC2. In this model, the initial recruitment of PRC2 to specific loci by noncoding RNAs or sequence-specific DNA binding factors would promote trimethylation of H3K27 on an adjacent nucleosome (46, (72) (73) (74) (75) . This would lead to binding a dimeric PRC2 to the nucleosome via Eed interaction with H3K27me3 modification, which then facilitates methylation of an adjacent nucleosome or within a nucleosome and repeats the cycle (Fig. 10) . This model is analogous to the formation of heterochromatin by the SIR proteins (76) . This model can explain the previous discoveries that PRC2 favors di-and oligonucleosome substrates over mononucleosomes (77, 78) . In a dimeric PRC2, one Eed binding to a nucleosome would position the second PRC2 to methylate the histone tail of H3 within the second nucleosome.
In summary, we developed a novel approach of ChIP-coupled single-molecule fluorescence imaging to assess the cellular assembly stoichiometry of epigenetic complexes on chromatin. Sm-ChIPi could provide insights to other epigenetic complexes. The cellular assembly stoichiometry of the PcG complexes PRC1 and PRC2 on chromatin presented here provides us with the first assembly stoichiometry of these two complexes on chromatin within cells and offers invaluable in vivo data to understand previous in vitro biochemical data. The in vivo data of the PcG interaction with chromatin leads to novel insights and testable hypotheses that should inspire further studies of both PRC1 and PRC2 in the establishment and maintenance of repressive polycomb domains.
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